Quantitative, chemically specific images of biological systems would be invaluable in unraveling the bioinorganic chemistry of biological tissues. Here we report the spatial distribution and chemical forms of selenium in Astragalus bisulcatus (two-grooved poison or milk vetch), a plant capable of accumulating up to 0.65% of its shoot dry biomass as Se in its natural habitat. By selectively tuning incident x-ray energies close to the Se K-absorption edge, we have collected quantitative, 100-m-resolution images of the spatial distribution, concentration, and chemical form of Se in intact root and shoot tissues. To our knowledge, this is the first report of quantitative concentration-imaging of specific chemical forms. Plants exposed to 5 M selenate for 28 days contained predominantly selenate in the mature leaf tissue at a concentration of 0.3-0.6 mM, whereas the young leaves and the roots contained organoselenium almost exclusively, indicating that the ability to biotransform selenate is either inducible or developmentally specific. While the concentration of organoselenium in the majority of the root tissue was much lower than that of the youngest leaves (0.2-0.3 compared with 3-4 mM), isolated areas on the extremities of the roots contained concentrations of organoselenium an order of magnitude greater than the rest of the root. These imaging results were corroborated by spatially resolved x-ray absorption near-edge spectra collected from selected 100 ؋ 100 m 2 regions of the same tissues.
Quantitative, chemically specific images of biological systems would be invaluable in unraveling the bioinorganic chemistry of biological tissues. Here we report the spatial distribution and chemical forms of selenium in Astragalus bisulcatus (two-grooved poison or milk vetch), a plant capable of accumulating up to 0.65% of its shoot dry biomass as Se in its natural habitat. By selectively tuning incident x-ray energies close to the Se K-absorption edge, we have collected quantitative, 100-m-resolution images of the spatial distribution, concentration, and chemical form of Se in intact root and shoot tissues. To our knowledge, this is the first report of quantitative concentration-imaging of specific chemical forms. Plants exposed to 5 M selenate for 28 days contained predominantly selenate in the mature leaf tissue at a concentration of 0.3-0.6 mM, whereas the young leaves and the roots contained organoselenium almost exclusively, indicating that the ability to biotransform selenate is either inducible or developmentally specific. While the concentration of organoselenium in the majority of the root tissue was much lower than that of the youngest leaves (0.2-0.3 compared with 3-4 mM), isolated areas on the extremities of the roots contained concentrations of organoselenium an order of magnitude greater than the rest of the root. These imaging results were corroborated by spatially resolved x-ray absorption near-edge spectra collected from selected 100 ؋ 100 m 2 regions of the same tissues.
S
elenium is now known to play essential metabolic roles in most or perhaps all eukaryotes (1), but its toxic properties were recognized earlier in the poisoning of range animals eating selenium-hyperaccumulating plants (2) . Hyperaccumulating plants actively and specifically accumulate high levels of metal or metalloid compounds into their tissues (3) , and there is considerable interest in the biochemical mechanisms of hyperaccumulation, particularly with regard to potential phytoremediation strategies for contaminated environments (4) and for use as dietary supplements or ''nutraceuticals'' (5) . The two-grooved milk-or poison-vetch, Astragalus bisulcatus, also known by cattle ranchers as ''locoweed,'' hyperaccumulates up to 0.65% of its shoot dry biomass as Se (6) from inorganic selenium naturally present in soil in parts of its range. The major Se-containing compound in the leaves is Se-methylselenocysteine, with smaller amounts of selenocystathione and ␥-glutamyl-Se-methylselenocysteine localized in the seed pods (7) . Other organoselenium compounds are also produced but in smaller amounts (dimethyldiselenide in particular is clearly indicated by its characteristic odor). The purification, cloning, and characterization of a specific selenocysteine methyltransferase involved in synthesizing Se-methylselenocysteine from selenocysteine and S-methylmethionine has recently been reported (8) . Despite this progress, much remains to be learned about the details of Se uptake, transport, and storage in hyperaccumulating plants. X-ray absorption spectroscopy provides a unique probe for examining the chemical species of an element present in whole tissues of plants (e.g., refs. 9-11). Here we present images of the concentration and chemical biotransformation of selenate in A. bisulcatus.
Materials and Methods
Plant Growth. A. bisulcatus was cultivated by using a modification of the method previously described (5). Seedlings were grown initially in culture solution supplemented with 0.1 M K 2 SeO 4 , then at weekly intervals the concentration of K 2 SeO 4 was increased through 1.0, 2.0, 2.5, and 5.0 M. All plants were illuminated with a mixture of tungsten and cool white fluorescent lamps at a light intensity of 150 E (1 E ϭ 1 mol of photons) and a day͞night cycle of 16͞8 h at 25͞20°C. After 28 days exposure to 5 M K 2 SeO 4 , plants were transported live to Stanford Synchrotron Radiation Laboratory (SSRL).
Data Collection. Chemically specific imaging and spatially resolved x-ray absorption spectra were collected on the Structural Molecular Biology beamline 9-3 of SSRL, with a double crystal Si(220) monochromator, an upstream vertically collimating, harmonic-rejecting Rh-coated mirror and a downstream refocusing Rh-coated mirror. The beam was collimated to 100 ϫ 100 m 2 by using two sets of motorized x-y tantalum slits, calibrated by using the Fraunhöfer interference fringes from a He-Ne laser. N 2 -filled ion chambers were located downstream of the double slits and downstream of the sample to measure incident and transmitted intensities, respectively. Plant tissues were mounted onto Mylar tape, covered with 6.3-m polypropylene to minimize sample dehydration, and mounted at 90°to the incident beam on a stepper-motor-driven x-y positioning stage to achieve raster scanning. Se K ␣ fluorescence and scatter from the sample were monitored by using a 30-element germanium detector (Canberra Industries, Meriden, CT) at 125°to the transmitted beam to collect the forward-fluorescing͞scattering signals. Beam exposure for the imaging experiments was less than 5 sec per pixel at each energy, whereas for the spatially resolved spectroscopy it varied from two 12-min scans for the most concentrated spots to three 20-min scans for the more dilute areas. Energy was calibrated by using the spectrum of hexagonal Se(0), assuming the first inflection to be 12658 eV (1 eV ϭ 1.60219 ϫ 10 Ϫ19 J). X-ray absorption spectroscopy of bulk tissues was carried out on SSRL beamline 7-3 at 10K essentially as described before (5, 12) .
Chemically Specific Image Data Reduction. Briefly, the method for obtaining chemically specific concentration images of two chemical species requires spatially scanning the sample at two fixed energies that are sensitive to the different species present. This is similar to the methods used by others (13, 14) to obtain relative concentrations. In our case, 12661.2 and 12667.5 eV maximize the differences between selenomethionine and selenate ( Fig. 1) . At each pixel we recorded the Se K ␣ fluorescence-and scatterwindowed counts, summed over all detector channels and divided by I 0 , together with the x-ray absorbance. The windowed fluorescence images were corrected for scatter contributions, and the absorbance was background-corrected and converted to an effective thickness. The corrected fluorescence intensities at the two energies, together with a concentration calibration and the thickness, were then combined to yield an estimate of absolute concentrations of the two species at each pixel. A customized suite of computer programs was written to accomplish these steps, which are detailed below and shown pictorially in Fig. 2 .
Fluorescent Window Calibration. Fig. 1 Inset shows the emission spectrum of 10 mM selenate on filter paper. Despite good energy resolution, some scatter counts (the tail of the Compton scattering) fall within the fluorescence window (FW) and conversely some fluorescence counts (mainly from the Se K ␤ line) fall within the scatter window (SW). In general, F o ϭ F ϩ F s and S o ϭ S ϩ S f , where F o and S o are the observed intensities (normalized by the incident intensity, I 0 ) in the FW and SW, respectively. F and S are the corrected intensities of fluorescence in the FW and scatter in the SW, respectively, and F s and S f are the intensities of scatter in the FW and fluorescence in the SW, respectively. It is assumed that, for modest and comparable count rates, S f ϭ f F and F s ϭ s S, where s and f are energy-dependent constants. Solving:
Raster scans similar to those of the plant specimens were used to determine s and f , by using a 1 ϫ 1 mm 2 filter paper wetted with 0.2 l of 10 mM selenate, and a Se-free control. s was determined as the mean of F o ͞S o ϭ F s ͞S for the Se-free scan. f was determined as (S o Ϫ S m )͞(F o Ϫ F m ) ϭ S f ͞F for the Se-doped sample, where F m and S m are the means of F o and S o for the Se-free sample. Values of 0.038 and 0.049 were obtained for s and f , respectively, at 12667.5 eV. The observed fluorescence intensities for all imaging data sets were corrected by using Eq. 1. Even though s is small, the effect of the scatter in Eq. 1 is significant because of the magnitude of S o . Fig. 2 compares the observed fluorescence images at the two energies with the corresponding corrected images. The observed scatter is also shown.
Derivation of Effective Thickness. When an absorbance signal is measured by using ion chambers (I 0 upstream and I 1 downstream), the measured absorbance, A o ϭ log(I 0 ͞I 1 ), for each pixel of a specimen can be written as A o ϭ A ϩ A r ϩ k i , where A is the absorbance of the specimen at that pixel, A r is the absorbance of other things in the beam-path (e.g., mounting tape, air, windows), and the constant k i accounts for different ion chamber responses. Simple subtraction of an energy-dependent background absorbance (A b ϭ A r ϩ k i ) of everything except the specimen yields the specimen absorbance, A, at each pixel. This may also be given by A ϭ t, where is the energy-dependent absorption cross section, is the density, and t is the effective sample thickness. Because the experiment is in the dilute limit, the element of interest (Se) contributes negligibly to the absorbance. The reasonable approximation is also made that the plant material has and (15) of water. Hence, from the absorbance image a map of the effective sample thickness is determined using:
and is shown for our example in Fig. 2 .
Calibration of Molar Quantities. The amount of Se per pixel was determined from the fluorescence intensity by using a calibration raster scan. Filter paper wetted with selenate solution (0.2 l, 10 mM) was scanned as for a plant sample. The fluorescence was corrected using Eq. 1 and F T , and the total corrected fluorescence integrated over all pixels was calculated. A quantitation constant k q was then determined as k q ϭ F T ͞MI cc , where M is the number of moles deposited and I cc is the intensity of the calibrant species at the calibrant energy, normalized by the spline (see below).
Determination of Concentrations of Chemical Species.
At each pixel we wish to determine m A and m B , the molar quantities, respectively, of species A and B. The true fluorescence per pixel at energy j, F j (from Eq. 1) may be written as F j ϭ m A k q I Aj ϩ m B k q I Bj , where I ij is the normalized intensity of component i (i is A or B) at energy j. I ij is determined independently from spectra of the pure components by using the spline normalization (see below). Solving for m i , we obtain m A ϭ (
The concentrations per pixel of species A and B, c A and c B , can be simply determined from the molar quantities m i , the effective thickness t (Eq. 2), and the pixel area, a:
The concentration maps of organoselenium, selenate, and total Se are shown in Fig. 2 . To extend the two-component method to more complex mixtures would require measurement of additional energies where the contributions of the different species were distinct.
Near-Edge Spectra Data Reduction. X-ray absorption spectra (both bulk and spatially resolved) were collected to k Ն 6 Å Ϫ1 to ensure proper spline normalization. Spectra were processed by using EXAFSPAK (http:͞͞ssrl.slac.stanford.edu͞exafspak.html). After calibration and averaging of independent reproducible sweeps, a pre-edge background was subtracted, a low-order spline function was fitted to the post-edge region, and the edge was normalized to the spline value at 12695 eV. Near-edge spectra were quan- titatively curve-fit by using EXAFSPAK the program DATFIT. Here, the spectrum of a plant sample containing unknown Se species is fit to a linear combination of the spectra of standard Se compounds by using a least-squares minimization procedure (12) . As all of the spectra have been normalized to the spline, the fractional contribution of a standard spectrum to the fit is equivalent to the fractional abundance of Se in that chemical species in the plant sample.
Results

X-Ray Absorption Spectroscopy on Bulk Tissues.
A representative x-ray absorption near-edge spectrum of root tissue from A. bisulcatus plants initially grown for 3 weeks in the absence of selenate and then exposed to 25 M selenate in the hydroponic medium for 4 days is shown in Fig. 1 . The result of fitting to the spectra of aqueous selenate and selenomethionine is also shown. Although A. bisulcatus is known to accumulate Se-methylselenocysteine (6), selenomethionine was used as a commercially available surrogate-because the local Se environments are very similar (both R-CH 2 -Se-CH 3 ), the near-edge spectra are also expected to be very similar. The spectrum of Fig. 1 is well modeled by linear combinations of selenate and selenomethionine, as were all of the plant spectra; other forms such as selenite were not detected. Extended x-ray absorption fine structure analyses (data not shown) gave complementary results, with data well modeled by mixtures of Se-C and Se-O interactions, in proportions agreeing very well (within 5%) with the near-edge fitting results. Se-Se interactions (which would indicate the substantial presence of diselenides) were not detected. It was observed that longer times of exposure to selenate yielded greater proportions of organoselenium in both root and shoot tissue (data not shown).
Chemically Specific Imaging. The montage in Fig. 3 compares quantitative, chemically specific images of leaves and roots from two A. bisulcatus plants of the same age exposed to gradually increased levels of selenate (see Materials and Methods). The figure shows the optical micrograph, the effective thickness, and the concentration of selenate and organoselenium. Leaves of three different ages are shown: mature leaves, dating from exposure to low selenate levels; intermediate leaves, which were small (and still expanding) at the time of peak selenate exposure; and young leaves, which had developed during exposure to 5 M selenate.
The mature leaves show some shape distortion (see optical micrograph) and slight discoloration. They show a much greater proportion of selenate than any other specimen (approaching 100% in the leaf blade), and the total concentration of Se in this sample was lowest among the leaves studied (Ͻ0.6 mM in the leaf blade). Selenate was most concentrated in the leaf blade (0.3-0.6 mM), especially toward the outer edges, less concentrated in the midvein (0.15-0.25 mM) and stem (0.04-0.12 mM), and apparently absent in the petiole. The concentration of organoselenium was low (Ͻ0.1 mM) in all areas except the base and periphery of the leaf and the petiole, where it was 0.2-0.4 mM.
The intermediate leaves were rounded, large, and dark green; they contained more Se than the mature leaves (0.5-1.1 mM in the leaf blade). Selenate was notably more concentrated in the leaf blade (0.15-0.30 mM), where it accounted for some 20-40% of the total, than it was in the stem, petiole, or midvein (Ͻ0.1 mM, Ͻ10% of total). Organoselenium was present at 0.4-0.8 mM in the leaf blade, with higher concentrations along the periphery of the leaf, the edge of the stem, and at the petiole (typically up to 2 mM, although the highest may be as much as 3.5 mM).
The youngest leaves were paler green, recently expanded, and pointed. They had the highest Se content (3-4 mM in the leaf blade), which was almost exclusively organoselenium. The concentration appeared to be higher toward the periphery of the leaves. Selenate concentrations were also highest in the leaf blade but nowhere exceeded 0.25 mM, or 8% of the total. The concentration of organoselenium was a little less in the midvein (1.8-2.2 mM) and in the stem and petiole (0.8-1.8 mM). The fraction of selenate is largely uniform except in the petiole, where it is very close to zero.
The roots of the plant from which the mature and young leaves were harvested showed a background total Se level of only 0.2-0.3 mM, which was essentially all organic. However, they also exhibited small regions, typically Ͻ400 m across, where the Se concentration, again all organic, was substantially higher (1-4 mM), with the highest concentration at the periphery. These areas may correspond to root meristems, the area of cell division. Note that the highest concentration of Se in the hydroponic solution was 5 M.
Spatially Resolved Spectroscopy. The identity of Se species and the fraction of selenate at selected locations on the specimens were confirmed by recording x-ray absorption near-edge spectra by using a 100 ϫ 100 m 2 beam. The spectra and their corresponding locations on the leaf samples are shown in Fig. 4 . They are in excellent agreement with the chemically specific imaging data, and are all accurately modeled by linear combinations of selenate and selenomethionine alone. 
Discussion
Chemically specific imaging and spatially resolved spectroscopy have revealed some of the complexity of Se transformations in the hyperaccumulator A. bisulcatus. Our approach combines the quantitative x-ray absorption spectroscopy speciation of Se, which has been proven in environmental (12, 16, 17) and biological (5, 11) studies, with spatial resolution to provide two-dimensional maps of the location of chemical species. Although two-dimensional elemental mapping can be achieved through other methods, chemically specific mapping of two or more species requires monochromatic x-rays and has been applied in only a few cases (13, 14, 18, 19) . A more common method is elemental mapping in combination with micro-x-ray absorption spectroscopy to provide speciation at specific locations of interest (e.g., ref. 20) . However, none of these studies quantitates the speciation in terms of absolute concentrations, and, to our knowledge, this work provides the first example of this approach.
Selenium was provided to the plants as selenate, and may have been taken up by the sulfate-uptake system (21, 22) , although a more specific uptake mechanism cannot be excluded. Our results indicate that the fate of this selenate is quite different in different tissues of the plant, and indeed in different parts of those tissues.
Selenate is clearly transported throughout the plant (Figs. 3 and  4) ; however, the distribution between selenate and organic forms varies depending on the tissue and its developmental stage. This suggests that in planta chemical reduction of selenate to organic forms must be tissue-specific, inducible, or developmentally dependent. The absence of intermediate oxidation states such as selenite suggests that selenate reduction is rate-limiting in the conversion to organic forms.
A critical step in the biotransformation of selenate is the initial two-electron reduction to selenite. Hyperaccumulating plants might achieve this in at least three different ways: by substitution for sulfate within the sulfate reduction pathway [reduction by ATP sulfurylase͞adenosine 5Ј-phosphosulfate (APS) reductase (23, 24) ], by substitution for nitrate in the nitrate uptake pathway [microbial nitrate reductases can reduce selenate (25) ], or by a specific selenate reductase. For nonhyperaccumulating plants there is good evidence that selenate reduction occurs via substitution for sulfate in the ATP sulfurylase͞APS reductase system, and that this is the rate-limiting step in selenate transformation (11, 23, 26, 27) . Although it is often assumed that analogous biochemistry accounts for selenate reduction in hyperaccumulating plants, the evidence presented here (that the ability to reduce selenate is inducible or developmentally dependent) suggests a different mechanism, as significant ATP sulfurylase͞APS reductase activity for sulfate must always be present for healthy plant growth. The presence of a specific inducible selenate reductase system seems a plausible explanation, either a modified ATP sulfurylase͞APS reductase couple with greater selenate specificity or a previously unidentified selenate reductase. A highly specific respiratory selenate reductase, having negligible activity for sulfate, has recently been purified from the proteobacterium Thauera selenatis (28) .
We can also make further, more tentative, deductions about the physiology of Se detoxification. Transport within the xylem depends on the rate of transpiration, and all tissues receive whatever the xylem is transporting. Because the mature leaves have predominantly selenate in the leaf blade and a relatively low total Se content, it seems unlikely that the roots transform selenate to organic forms before transport in the xylem. Older leaves would be expected to have lower rates of transpiration than younger ones, resulting in reduced transport of Se and the observed lower Se content. The intermediate-age leaves had more total Se than the oldest, and the majority of this Se was in the organic form, hence, the selenate-reduction pathway must have been present in these younger tissues. The significant fraction of selenate suggests either that the inorganic form is somehow partitioned (instead of converted) to reduce its toxic effects, or that some, but not all, cells in the intermediate leaves have the pathway induced. In either case, after the selenatereduction pathway is induced, subsequent selenate is converted to Se-methylselenocysteine and stored, resulting in the observed mixed composition. The highest concentration of Se in the youngest leaves is consistent with the highest rates of transpiration, and thus of Se delivery. The young leaves developed during exposure of the plant to high levels of selenate, and their selenate-reduction pathway appears to be well developed; they show almost exclusively organic Se.
Selenate is remarkably absent in all of the petioles investigated-even those in the old leaves-and the stems of all three leaves show very similar (low) levels of selenate. The organic Se concentrations in the midvein, relative to the blade, are comparable for the intermediate leaves but substantially higher for the young leaves. The increased concentrations of Se at the periphery of the leaves suggests the possibility of Se storage in the trichomes (leaf hairs), as has been observed for cadmium accumulated by Brassica juncea (9) . Higher resolution experiments (in progress) will assist our understanding of all these phenomena. The roots had relatively low levels of Se, but almost all of it was present in the organic form. Possibly, organic forms of Se produced in the roots by reduction of selenate are compartmentalized within the root tissue for storage, whereas unmodified selenate passes through the root into the xylem for transport to the leaves. Alternatively, the root cells may receive organic Se via phloem transport from the younger leaves. Although we saw no direct evidence for this, it would be equivalent to the recent finding that S-methylmethionine is a phloem-transportable form of sulfur in plants (29) . In either case it is possible that Se-methylselenocysteine localized in these areas of rapid cell division deters herbivory, protecting the sensitive growing tissues of the root.
We anticipate that the quantitative, chemically specific imaging described here will be developed into a broadly useful new tool of general applicability. It should be generally applicable to materials for which a matrix density and absorption cross section can be approximated, to materials in which the element of interest is in the dilute limit, and to materials which are sufficiently thin that both the incident and fluorescent photon beams can penetrate without substantial attenuation. The latter depends both on the absorption edge energy and on the specimen thickness, so that whereas the method could in principle be applied to imaging any element, in practice it will be easier to image those with Z Ͼ 25. It should be possible to extend the approach to more complex mixtures if the spectra of the components are sufficiently distinct. Selenium, sulfur, and arsenic are particularly favorable elements for this approach, because different chemical forms of these elements display a broad diversity of spectra. While other elements may display less dramatic differences for different chemical forms, in many cases there will be a suite of compounds that will be different enough in their spectroscopy that the technique should be valuable.
